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The elastic moduli of a thick composite as measured by ultrasonic 
bulk wave pulse velocity 
Emmanuel P. Papadakis, Thadd Patton, Yu-Min Tsai, Donald O. Thompson, 
and R. Bruce Thompson 
Center for Nondestructive Evaluation, 1915 Scholl Road, Building 2, Iowa State University, Ames, 
Iowa 50011 
(Received 4 April 1990; accepted for publication 30 December 1990) 
One thick filament-wound composite in the form of a large thick-walled cylinder with locally 
orthorhombi½ symmetry has been measured by ultrasonic velocity to calculate its elastic 
moduli. The basic assumption was that small sections of the composite could be treated as a 
homogeneous body analogous to a crystal for ultrasonic propagation. The experimental work 
and the results as best expressing homogeneous body theory are presented. Because of the high 
anisotropy with the normal to the layers (the three-direction) much different from the axial 
and hoop directions, it was necessary to calculate slowness urfaces with approximate values of 
c•3 and c23 in order to find the directions of the Poynting vectors to use in making actual 
measurements on c•2 and 
PACS numbers: 43.35.Zc, 43.40.At 
INTRODUCTION 
Thick composites are in use in critical applications and 
are proposed for still others. It is important to measure the 
elastic moduli of thick composites for two reasons: ( 1 ) de- 
sign data on stiffness and (2) prediction of feasible wave 
paths for ultrasonic waves for NDE. Previously, only rela- 
tively thin composites of relatively simple symmetries have 
been measured for their elastic moduli. •-5 Now, it is becom- 
ing necessary to measure thick composites of feasible engi- 
neering layups. These often provide the complexity of ortho- 
rhombic symmetry locally in a specimen combined with 
curvature in the gross structure. In this work, specimens cut 
from thick structures will be treated in the same way as crys- 
tals to measure the elastic moduli by means of ultrasonic 
wave velocities. Results on one structure will be presented. 
I. THEORY 
The generalized form of Hooke's law for an anisotropic 
67 
material ' can be written as 
O'yy 
O'zx 
• O'xy 
ell C12 C13 C14 C15 C16 
C21 C22 C23 C24 C25 C26 
C31 C32 C33 C34 C35 C36 
C41 C42 C43 C44 C45 C46 
C5! C52 C53 C54 C55 C56 
.C61 C62 C63 C64 C65 C66 = 
•'xx 
•'zz 
' 
(1) 
where the coefficients are the elastic moduli of the material. 
An ultrasonic wave propagating in the solid is governed by 
the following equations of motion: 
(2) 
where u, v, and w are, respectively, the displacement compo- 
nents in z-, y-, and x direction. The quantity p is the density 
of the material. 
These equations can be specialized to the orthorhombic 
symmetry expected from the winding directions of -- 33 ø, 
+ 33 ø, and 90 ø relative to the cylinder axis in the thick com- 
posites, by noting that the nine elastic moduli c•, c22, c33, 
C44 , C55 , C66 , C12 , C13 , and c23 will be nonzero and should have 
unique values. Using the coordinate system specified in Fig. 
1 and the specimens cut from the composite per Fig. 2, Eqs. 
(1) and (2) can be solved for enough unique elastic wave 
Radial 
I /2/'"".. 
•,•,•..• / / //'"•-• 
Resin 55A 
FIG. 1. Material axes defined with respect to the 96 in. (244-cm) diam 
NASA experimental rocket casing. 
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FIG. 2. Ultrasonic velocity specimens cut from a slab of casing material. 
The stippled faces slope down at 45 ø from the plan view upper face. 
velocities to permit the nonzero moduli to be computed. 
Equations for the moduli in terms of the velocities are given 
here. 
c• =pv], j= 1-6 (3)-(8) 
c12: 2.•/(.A 1 --pLt• )(B 1 --pLt• ) -- C66 , (9) 
where 
and 
A 1 -- (Cll -Jr- C66)/2 
B1 -- (C22 "Jr- C66 )/2, 
C23 -- 2•/'(B2 -- tov• )(G -- tov• ) -- c44, 
where 
B 2 = (c22 --Jr- C44 )/2 
and 
C 2 = ( c33 -Ji- c44 )/2, 
C13 -- 2•/(./13 --jOV• )(C 3 -- jov• ) -- c55 
(10) 
(11) 
(12) 
(13) 
(14) 
(15) 
where 
a4 3 = (Cll --Jr- C55 )/2, (16) 
and 
C 3 -- (c33 -Ji- c55 )/2. (17) 
Equations (3)-(8) are written for the specimens with faces 
parallel to the axes while Eqs. (9)-(17) are written for 
specimens with faces at 0 - 45 ø between two axes. The factor 
2 in front of the radicals in Eqs. (9), (12), and (15) is the 
specialization of l?(sin 0 cos 0) in the theory. The relevant 
orientations are given in Table I for transducer positioning 
and particle motion to define v• through 09. 
II. EXPERIMENTAL 
A. Approach 
The approach is to use ultrasonic wave velocities in dif- 
ferent directions, combined with density, to measure the 
elastic moduli. The approach assumes that the composite 
can be treated analogously to a single crystal of the same 
point-group symmetry. This symmetry will be determined 
by the winding angles of the fibers. As the parts of interest 
are to be cylinders, the approach also assumes that the radius 
of curvature of the cylinders is much larger than the wall 
thickness of the cylinders. This is necessary for the definition 
of the axes with respect to which the elastic moduli are de- 
fined. The axes must experience only infinitesimal curvature 
within a body of dimensions of the order of magnitude of the 
thickness of the cylinder wall. An analogous approach was 
used in pyrolytic graphite, an oriented, grown polycrystal- 
line structure. 8 
B. Specimens 
Slabs of a thick filament-wound composite from NASA 
experimental rocket case sections were procured from Her- 
TABLE I. Set of measurements sufficient o permit calculation of the elastic moduli. 
Modulus Mode 
Transducer 
Particle on plane 
motion along normal 
axis to axis 
Velocity Formula 
nomenclature Sample Eq. 
c• longitudinal 
C22 longitudinal 
C33 longitudinal 
longitudinal 
c44 transverse 
(shear) 
c55 transverse 
(shear) 
C66 transverse 
(shear) 
c•2 longitudinal 
c23 longitudinal 
c•3 longitudinal 
1 1 
2 2 
3 3 
3 3 
2 3 
3 2 
1 3 
3 1 
1 2 
2 1 
45 ø between 45 ø between 
1 and 2 1 and 2 
45 ø between 45 ø between 
2 and 3 2 and 3 
45 ø between 45 ø between 
1 and 3 1 and 3 
VLi •'V I A (3) 
Vr2 :v2 A (4) 
VL3 : V 3 A (5) 
VL3 --- V 3 B (5) 
VT23 •' 1/4 A (6) 
1/T32 •' 1/4 A (6) 
1/TI3 --' 1/5 A (7) 
1/T31 : 1/5 A (7) 
1/T12 = l/6 A (8) 
VT2• : v6 A (8) 
vL•_2 -- v? B (9) 
1/L2-3 : 1/8 E (12) 
vL•_3 = v9 D (15) 
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cules 9and cut into ultrasonic specimens. Axes were defined 
as "1" along the rocket axis, "2" along the hoop direction, 
and "3" through the thickness of the casing. The relation- 
ship of the axes to the geometry of the rocket case is given in 
Fig. 1. The fiber winding directions with respect o these axes 
are -F 33 ø from the "1" direction and at 90 ø to the "1" direc- 
tion, i.e., along the "2" direction. The layup is given in Table 
II and is composed of fiber AS4 bonded with resin 55A, both 
made by Hercules. The result is orthorhombic symmetry for 
small specimens. Blocks as shown in Fig. 2 were cut from the 
large section supplied. In each block, the sides were cut such 
that the "3" axis at the center of the block lay along the 
casing thickness direction. Each block was marked (paint- 
ed) with an arrow denoting the cylinder axis direction and 
with a letter of identification as shown in Fig. 2. Blocks A 
and B are rectangular parallelepipeds and permit propaga- 
tion from transducers on any face. Through-transmission 
measurements were made for longitudinal and shear waves. 
The configuration of transducers, specimens, propaga- 
tion vectors k, and particle motion vectors A is shown in Fig. 
3. These apply generically to all specimens. In specimens C- 
F, the transducers were to be placed on the face with stippled 
shading (shown in Fig. 2) and on the opposite parallel face. 
These faces are at 45 ø to the 3 axis and are generated by 
rotation about the 1 axis (for E), the 2 axis (for D), and 
TABLE II. Layup of membrane section of filament wound motor cas'e. 
Thickness ,-• 1.45 in. 
(layup as follows, starting from inside diameter and going outward) 
1 ply AS4 carbon cloth with 3501-5A resin 
4 plies double helical ( -F 33 ø) 
2 plies double hoop 
2 plies single helical ( -F 33 ø) 
2 plies hoop 
2 plies helical ( -F 33 ø) 
2 plies hoop 
2 plies helical ( -F 33 ø) 
2 plies hoop 
2 plies helical ( --F_ 33 ø) 
2 plies hoop 
4 plies helical (double) ( _ 33 ø) 
2 plies hoop 
4 plies helical (double) ( ñ 33 ø) 
2 plies hoop 
4 plies helical (double) ( ñ 33 ø) 
1 ply hoop 
4 plies helical (double) ( ñ 33 ø) 
1 ply hoop 
4 plies helical (double) ( ñ 33 ø) 
1 ply hoop 
4 plies helical (double) ( ñ 33 ø) 
1 ply hoop 
4 plies helical (double) ( ñ 33 ø) 
1 ply hoop 
4 plies thick helical (tows added) 
1 ply hoop 
4 plies thick helical (tows added) 
1 ply hoop 
4 plies thick helical (tows added) 
1 ply hoop 
4 plies helical 
( 16 helical groups alternating with 15 hoop groups) 
LONGITUDINAL SHEAR SHEAR 
FIG. 3. Drawing of the propagation direction k and the polarization direc- 
tion A in a specimen for different wave modes (approximate for quasi- 
modes). 
about axes at 45 ø in the 1-2 plane for C and F. These cuts 
provide convenient specimens for ultrasonic propagation 
and convenient geometries for use in writing theoretical ex- 
pressions linking the velocities and the moduli. The normals 
to the appropriate faces define the propagation vectors k. 
One specimen with rotated faces is shown in Fig. 4 to fix 
ideas. There, Block E is shown in orthogonal projections. In 
the actual experiments, one transducer was spaced away 
from the specimens by a glass block as described below. 
C. Ultrasonic system 
The ultrasonic system is shown in Fig. 5. Through- 
transmission measurements were employed, as the attenu- 
ation was too high to make pulse-echo measurements. 
Broadband transducers of frequencies 1 MHz at 1/2-in. di- 
ameter and 1/2 MHz at 1-in. diameter were used. The pulser 
receiver provided the trigger pulse to the CRO and the high- 
voltage pulse to the transmitting transducer; then received 
and amplified the transmitted ultrasonic signal for the Yaxis 
display. The measuring oscilloscope provided two indicators 
between which the delay time was measured. The indicators 
were set on the leading edge of the output pulse and on the 
peak of the first half cycle of the received signal. A differen- 
tial measurement was made by first measuring the specimen 
and the glass buffer combined in series and then measuring 
only the glass buffer. This differential measurement ac- 
counted for two systematic errors:lø ( 1 ) utilization of the 
leading edge of the input pulse and (2) delay in the trans- 
ducer wear plates. 
D. Measurements 
1. Delay 
The ultrasonic delay within the specimens was mea- 
sured for each wave listed in Table I according to the method 
given above. For Blocks A and B, the pitch-and-catch trans- 
ducers could be mounted on the same centerline, horizontal- 
ly opposed. However, for blocks D and E where the propaga- 
CUT ' ', ', 
EDGES ' 
PLIES LAYERS 
FIG. 4. Diagram of one specimen cut for propagation at 45 ø to the ply !ay- 
ers. 
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t=l to 2 J 
Measuring 
Oscilloscope 
Pulser- Syj•Z•Reciever 1 2 
Out / In •'--•" 
GLASS I 
SPECIMEN I I i•1 
glass I I Jr ,,uu I only 
't •2A glass plus II specimen 
At=t D - t I 
FIG. 5. Ultrasonic system for measurements. Panametrics 5052 PR pulser- 
receiver and LeCroy 9400 digital oscilloscope. 
tion vector k was at 45 ø to the plane of the plies, the receiver 
had to be displaced because the anisotropy caused the Poynt- 
ing vector P to deviate from the propagation vector. The 
technique used is explained below in subsection D 4. 
2. Density 
Density was measured by measuring the dimensions 
and the mass of the two rectangular parallelepiped blocks A 
and B. An average was taken. 
3. Velocities and moduli 
The phase velocities were calculated as distance divided 
by time where the distance was the thickness of a specimen 
along the propagation vector k and the time was the mea- 
sured delay in the specimen. The moduli were calculated 
from the velocities and the density by the formulas in Eqs. 
(3)-(17) as cross-referenced in Table I. The velocities, 
moduli, and density are reported in Table III. 
4. Delay at 45 ø to plies 
To measure delay with the propagation vector for longi- 
tudinal waves at 45 ø to the plies as in block D and E, it was 
TABLE III. Results of velocity measurements (with f= 1.0 MHz and 
p = 1.407 g/cm 3). 
Velocity 
Nomen- values, Nomen- Elastic moduli 
clature cm/ps clature value, 10 • dyn/cm 2 
vLi 0.580 c•l 4.73 
%,2 0.510 c22 3.66 
%,3 0.260 c•3 0.954 
UT21 0.367 
urn2 0.352 c•,•, 1.82 
UTi 3 0.150 
UT31 0.163 C55 0.344 
UT23 0.134 
UT32 0.153 C44 0.290 
U6•_2 0.616 C•2 2.81 
U•_3 0.438 C•3 0.786 
U•2-3 0.382 C23 0.375 
necessary to account for the direction of the Poynting vector 
P. It was desired to place the receiving transducer at the 
location corresponding to the arrival of the Poynting vector 
as shown in Fig. 6. The deviation of the Poynting vector is 
toward the ply direction since the velocity is faster along the 
plies than normal to them. This effect was observed experi- 
mentally by noting that the received intensity (observed vol- 
tage output of.the transducer) was highest at a location cor- 
responding to the point of arrival of the Poynting vector. 
To make a quantitative determination of the point to 
position the receiving transducer, it was necessary to make a 
calculation• • of the slowness surfaces in the thick composite. 
It is well known •2 that the Poynting vector P is normal to the 
tangent to the slowness urface at the point of intersection of 
the propagation vector k and the slowness surface in the 
polar plot. As the propagation vectors in question were to be 
at 45 ø in the 1-3 and 2-3 planes for longitudinal waves, the 
corresponding sections of the slowness surfaces had to be 
calculated. However, as the longitudinal velocities to be de- 
termined in these directions were needed to calculate c•3 and 
c23, which, in turn, were needed to calculate the slowness 
surfaces, it was necessary to enter approximate values of c•3 
and c23 into the calculations. For this, c13 and c23 were set 
equal to (c•)/2pro tern. The larger magnitudes ofccp, c•, 
and c33 in Table II were considered to be dominant in the 
shape of the slowness surfaces. The oval shape of the slow- 
ness surface for longitudinal waves arises because c33 is 
much smaller than c• and c2•. 
-The plane sections through the slowness surfaces are 
shown in Figs. 7 and 8. The propagation vector at 45 ø, the 
tangent to the slowness urface, and the Poynting vector di- 
rection are shown. The Poynting vector does deviate away 
from the 45 ø direction and toward the 1 axis or the 2 axis as 
applicable. 
Longitudinal wave delay measurements were then made 
by placing the receiving transducers at the locations to pick 
up the energy flux carried by the Poynting vector but still 
having the propagation vector along the 45 ø direction. These 
BLOCK D 
0,5 in/n/n• 
QUARTZ BUFFER 
(1 inch) 
3 
FIG. 6. Diagram showing the positioning of the receiving transducer to 
account for the arrival of the Poynting vector as it deviates from the propa- 
gation vector. 
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FIG. 7. Slowness urfaces inthe 1-3 plane showing the longitudinal Poynt- 
ing vector P for propagation vector k at 45 ø. 
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FIG. 8. Slowness surfaces in the 2-3 plane showing the longitudinal Poynt- 
ing vector P for propagation vector k at 45 ø. 
delays were used to calculate the velocities VL 1-3 and V L 2-3 
and then the moduli c•3 and c23 shown in Table III. Subse- 
quently, the values ofc•3 and c23 were used to recalculate the 
slowness surfaces. These recalculated curves are the ones 
shown in Figs. 7 and 8. They differ only slightly from the 
initial approximations. 
III. FIESULTS 
The elastic moduli given in Table III are shown in ma- 
trix form here in units of 10 TM dyn/cm2: 
' 4.73 2.81 0.786 0 0 0 
2.81 3.66 0.375 0 0 0 
0.786 0.375 0.954 0 0 0 
0 0 0 0.290 0 0 
0 0 0 0 0.344 0 
0 0 0 0 0 1.82 
The large anisotropy ofthe thick composite material is 
evident as is its orthorhombic point-group symmetry. For 
units of GPa, multiply each number by 10. 
IV. DISCUSSION 
The results given above are not all of equal accuracy. 
First, the shear wave measurements of delay were perturbed 
somewhat (but less than r/4 of the 0.5-MHz wave) by the 
presence of a leading longitudinal wave generated asan edge 
effect in the shear-poled potted piezoelectric ceramic trans- 
ducers. Hence, C44 , C55 , and C66 are not as accurate as cl 1 , c22 ,
and c33, which have maximum errors of the order of 4- 2% 
due to the measurements. Probably, the shear moduli on the 
matrix diagonal re good to 4- 8 % or 4- 12% at worst. This 
estimate is derived from Table III, where certain velocities 
that should be equal are not equal in practice, such as Ur21 
and Ur• 2 . Beyond that, the off-diagonal terms are less accu- 
rate because of the small differences between relatively large 
terms encountered in the calculations in Eqs. (9), (12), and 
(15). Errors of + 25% would not be surprising. 
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